Abstract-Multi-contact cuff electrodes were implanted in the median, ulnar, and radial nerves of an upper-limb amputee. 19 of 20 contacts produced selective, sensory response in the phantom limb from nerve stimulation. The neural interface has been stable for the duration of this ongoing chronic study, 12 months post-implant, with consistent threshold and impedance measures.
I. INTRODUCTION
An ongoing challenge in the field of neural interfaces is to design a system which features highly selective response, that is produces multiple points of neural stimulation and function, as well as a system which is stable and safe for chronic, long-term clinical application. Typically, these two goals are conflicting, as more selective interfaces usually require a more invasive approach to integrate with the nerve which increases risk to the host tissue. Is it possible to develop a system that can be both selective and stable? Such a system would be applicable to the study of peripheral nerves in the clinical setting, with both neural stimulation and recording possible.
II. BACKGROUND
Researchers have long been investigating neural interfaces to provide natural sensory feedback to amputees. Early neural stimulation research with single-contact nerve cuff electrodes on the median nerve in amputees provided a sense of paresthesia or a proprioception of fist clenching [1] . Early intraneural electrode stimulation of the median, ulnar and radial nerves for sensory feedback struggled with stability of the electrode position [2] . Recently, distinct and graded pressure sensation on the phantom hand was demonstrated using intrafascicular electrodes implanted in median and ulnar nerves [3] . Touch and tingling sensation were elicited from ~50% of multi-contact intrafascicular electrodes in another study [4] . However, with only 2-4 week acute clinical trials, and rising stimulation threshold trends, the long term safety and stability of intrafascicular electrodes are unknown [3] , [4] We demonstrate a chronic, clinical neural stimulating system for providing selective, sensory response in an upper-limb amputee. Our approach uses multi-contact cuff electrodes implanted on the peripheral nerve. At 12 months, the system is also the longest sensory stimulation system in a human to date. In addition, it is the first successful, chronic human implant of the Flat Interface Nerve Electrode (FINE), which reshapes a nerve bundle so that the groups of axons called fascicles are arranged closer to the surface of the nerve bundle for fascicle-selective stimulation [5] . Sensory feedback may improve control of the prosthetic hand [6] , [7] . In addition, the sensation may be useful as a therapeutic method for controlling or eliminating uncomfortable phantom limb sensation.
III. METHODS

A. Surgical Implantation
Nerve cuff electrodes were implanted in an outpatient surgical procedure on the peripheral nerve. Multi-contact nerve cuff electrodes were placed in the residual limb of a 46 year old male who has a unilateral wrist disarticulation from work-related trauma. At the time of implant, the subject was 18 months post-amputation. Eight-contact Flat Interface Nerve Electrodes (FINE) [5] were implanted on the median and ulnar nerves and a 4-contact CWRU spiral electrode [8] was implanted on the radial nerve. All electrodes were in the mid-forearm and connected to percutaneous leads [9] , [10] , [11] that exited through the upper arm ( Fig. 1) . The FINEs were sized 10 mm x 1.5 mm and the spiral cuff was sized 4 mm in diameter. Selection of electrode sizes were based on peripheral nerve histology studies in human cadavers (unpublished) and with recommendation by surgeons during the implant operation. A spiral was selected for the radial nerve due to the small nerve size and superficial nature of the implant location. Implanted components (cuff electrodes, percutaneous leads, connectors) were manufactured by Ardiem Medical (Indiana, PA) and sterilized with Ethylene Oxide by Ethox International (Buffalo, NY).
The implanted electrodes were allowed to stabilize for three weeks before stimulation was applied. Swelling of the implanted limb was controlled by compressive sock. Subject was provided percutaneous site maintenance instruction and a daily supply of 3M TM Tegaderm TM waterproof dressing. Throughout the study duration, the subject did not report adverse pain or unusual phantom sensation outside of experimental sessions. No infection of the percutaneous site occurred to date.
Study protocol has been approved by the local Internal Review Board (Louis Stokes Veterans Affairs Medical Center) and under an FDA Investigational Device Exemption.
B. Nerve Stimulation
In weekly sessions, experimental stimulation was applied through each contact for up to 10 s. Stimulation provided was a train of monopolar, bi-phasic, charge-balanced, cathodic-first square pulses. Anodic return was through a surface electrode on the dorsal of the upper arm immediately proximal to elbow. For all trials, the subject was blinded to the stimulation. Following stimulation, the subject would describe any perceived sensation and sketch its location on a hand diagram. To prevent dissolution of the stimulating contact, stimulation was limited to less than the recommended charge injection limit of 0.5 µC/mm 2 . To prevent overstimulation, the stimulation was limited to less than 50% duty cycle [12] .
Sensory perception threshold was determined on every contact from weeks 2 through 8 post-op. Threshold was determined using the Single-Interval Adjustment Matrix, an unbiased, adaptive staircase method [13] . The parameters were set for a target performance of 50% with true stimulation provided 50% of the time. Catch trials with no stimulation (50%) were randomly intermixed to assure no subject bias. The threshold search was defined complete at 12-16 reversals. Stimulation was applied for 1 sec and repeated upon subject request. Stimulation frequency was held constant at 20 Hz. To prevent overstimulation of sensation, stimulation pulse amplitude (PA) and pulse width (PW) was incremented by 0.1 mA and 10 µs steps until the rough threshold was determined. Then PA was held constant at one step (0.1 mA) below the rough threshold while the adaptive staircase method was used to determine a precise PW threshold with 1 µs resolution. 
IV. RESULTS
A. Sensory Locations
At two weeks post-op, stimulation provided sensation response on the phantom limb from 19 of the 20 available contacts. The non-responding contact was Ulnar-4 (U4), and is thought to be due to an oversized cuff electrode. The perceived sensation locations at threshold stimulation levels are indicated in Fig. 2 .A. Patterns of sensory perception match the classical touch receptor innervation areas. Although some threshold locations overlap, each contact generated a unique modality of sensation or super-threshold recruitment pattern (Fig. 2.B) . For example, although three contacts on the median cuff (M1, M6, M7) overlapped at the wrist, M6 had a characteristic "deep, uncomfortable, sharp needle" sensation whereas M7 produced a "superficial, tingly" sensation.
Initial testing using constant parameter stimulation evoked "tingly" or paresthesia on all contacts. Various stimulation waveforms were explored over the chronic study period until we are able to elicit feelings of tapping, light pulsing or pressure, light moving touch and proprioception. The location and the modality of sensation perceived have remained stable with respect to the contact. At threshold stimulation, no motor recruitment was observed. 
B. Sensory Thresholds
Weekly charge threshold measurements indicate cuff electrode stability. The threshold for sensation perception was determined for all 20 contacts from week 2 through 8 post-op (Fig. 3.A-C) . Percept thresholds were 95.5±42.5, 70.7±59.2, and 40.7±12.4 nC for the median, ulnar and radial nerves, respectively. Linear regression on each contact over time produced a slope that was not significantly different than 0 or decreasing (p < 0.05) suggesting no significant increase in threshold over time. An increase in threshold would suggest continued tissue encapsulation or electrode degradation. Impedance measures over 250 days also suggest stability of the electrode interface (Fig. 3.D) .
V. DISCUSSION
This case study is an excellent indicator of a clinicallyready, chronic system for selective stimulation of the peripheral nerves with nearly 100% of the available contacts providing sensory perception and stable threshold stimulation levels and locations. This is also the first successful, chronic human implant of the FINE electrode, ongoing for 12 months. Cuff electrodes have an added advantage of less surgical complexity compared to nerve-penetrating electrodes.
The threshold for eliciting perceptual sensation in our amputee subject is 76±50 nC. This is on average greater than previous studies of motor recruitment of 25±17 nC found during chronic studies with a spiral nerve cuff implanted on upper extremity nerves in humans [14] and the 21±18 nC found during interoperative studies with the FINE cuff implanted on lower extremity nerves in humans [15] . The difference may be attributed to motor recruitment threshold being determined by EMG recordings whereas sensation threshold being determined by conscious subject perception, a completely different neural pathway involving higher-order central processing. Additionally, the amputee nerves may have atrophied from disuse.
Using 19 available contacts in a wide variety of locations, is it easy to imagine implementing a sensorenhanced prosthetic hand and feedback system capable of restoring even an appropriate handshake, a social activity avoided by most prosthetic users. Restoring activities of daily living, providing natural touch, and embodiment of prosthetic limbs is the goal of sensory stimulation research. Our subject has responded positively to the perceived sensation and noted a reduction in uncomfortable phantom limb sensation since the beginning of nerve stimulation experiments. 
